Purpose: To assess the feasibility of TRacking Only Navigator echo (TRON) for diffusion-weighted magnetic resonance imaging (DWI) of the liver at 3.0T.
DIFFUSION-WEIGHTED MAGNETIC resonance (MR)
imaging (DWI) is an emerging technique for the detection and characterization of liver lesions (1) . Two types of non-breathhold DWI are used in clinical practice: respiratory gated (either using a conventional navigator echo technique or respiratory triggering) and free breathing DWI (with multiple signal averaging). Advantages of non-breathhold techniques compared with breathhold DWI are the possibility to increase signal-to-noise ratio (SNR) by acquiring multiple signal averages, which allows obtaining thin slices. This, in turn, may increase lesion detection rate. However, respiratory gated DWI suffers from a prolonged examination time, while free breathing DWI may suffer from image blurring (1, 2) . Recently, the limitations of both respiratory gated and free breathing DWI have been overcome by the introduction of the TRacking Only Navigator echo (TRON) technique (2-4), a self-implemented sequence extension. TRON uses a navigator echo for continuous real-time slice tracking and position correction, without use of any gating window. Consequently, scan time is not prolonged and image blurring is reduced (2) (3) (4) .
A general disadvantage of DWI is its relative low SNR. Nevertheless, SNR can be increased when performing DWI at higher field strength (3.0 Tesla [T]) (5) . Combining the advantages of DWI at 3.0T with TRON may be of particular benefit. However, besides the stronger susceptibility effects at 3.0T that may degrade image quality itself (5) , implementation of TRON at 3.0T is also challenging. First, field inhomogeneity may affect the quality of the navigator echo data. While 3.0T suffers from higher B0 and B1 field inhomogeneities, B1 typically varies over a large field of view. For the limited location of navigator-diaphragm interface B0 inhomogeneity will be the most critical. Second, T1 is significantly longer at 3.0T compared with 1.5T (5) . Consequently, a navigator echo at 3.0T may yield reduced signal in case of incomplete T1 recovery or saturation of the actual image volume that overlaps with the navigator echo. As a result, the navigator profile may not depict the true position of the liver, which may affect tracking accuracy. Despite these challenges, this study aimed to assess the feasibility of the TRacking Only Navigator echo (TRON) technique for DWI of the liver at 3.0T.
MATERIALS AND METHODS

Study Participants
This study was approved by the local Institutional Review Board and written informed consent was obtained from all participants. Ten healthy volunteers (6 men and 4 women; mean age, 31.7 years; age range, 23-55 years) prospectively underwent DWI of the liver. Exclusion criteria were general contraindications to MR imaging.
MR Imaging
MR imaging was performed using a whole-body 3.0T system (Achieva, Philips Healthcare, Best, The Netherlands), with a 16-element phased array surface coil for signal reception. For all volunteers, three types of DWI of the liver were performed: TRON, respiratory triggered, and free breathing DWI. TRON is a modified navigator echo technique. Similar to the conventional navigator echo technique, a pencil-beam excitation prepulse was placed at the interface between liver and lung ( Fig. 1) . The diaphragm position for each time point is determined by cross correlation between a reference kernel (expiration position) and the actual navigator beam signal. The transmit frequency of the rf pulse is adjusted to displace the slice according to the position shift determined from the navigator signal. Flip angle of the navigator echo was 25
. A fat saturation pulse was applied following the navigator readout, and time delay between the navigator echo and the next slice excitation was 32 ms. Slices were acquired in a descending interleaved order. Two slices of 92 ms sampling duration were acquired subsequent to each navigator readout.
However, unlike the conventional navigator echo technique, the navigator echo in TRON is only used to track and correct for tissue displacement, and is not used for gating. That is, the actual slice locations are updated in real-time based on tracking of diaphragm position. To mitigate signal loss on the navigator due to possible T1 saturation effects, anomalous dark bands from previous slice excitations are detected in the navigator and corrected by linear interpolation before calculation of positional change. Thus unlike conventional navigator-based gating, with TRON, data can be acquired during the entire respiratory cycle (Fig. 2) . It was anticipated that the transition from 1.5T to 3.0T could affect the quality of the navigator echo and reduce tracking accuracy due to B0 inhomogeneities and T1 saturation effects of the slices that overlap with the navigator echo beam (5) as seen in Figure 3 . Liver motion in the superior-inferior direction is presumed to not exceed a certain distance between two consecutive navigator echoes. However, if the quality of the navigator echo is imperfect, overestimation of the true liver displacement may occur, leading to slice misregistration. Therefore, the original TRON technique was slightly modified, in that data were not accepted if the navigator echo detected a displacement (relative to the previous navigator echo) that exceeded a specified threshold, called ''maximum displacement'' (Figs. 2, 3 ). In this study, maximum displacement was set to 10 mm. For respiratory triggered DWI, a respiratory pressure sensor was fixed to the abdominal region by an elastic belt, and an endexpiratory trigger delay of 250 ms was applied. Figure 2 . Concepts of the conventional navigator echo technique (a), TRON (b), anticipated problem when using TRON at 3.0T (c), and TRON with maximum displacement option (d). Using the conventional navigator echo technique, the timing of the acquisition is adjusted so that data are acquired only during a specific range of diaphragmatic motion. In TRON, there is no gating window, and all data are accepted (b). The quality of the navigator echo may be imperfect at 3.0T, which may lead to tracking errors and slice misregistration (c). The original TRON technique was slightly modified, in that data were not accepted if the navigator echo detected a displacement (relative to the previous navigator echo) that exceeded a certain threshold (maximum displacement) (d).
DWI was performed with the following parameters for TRON (Table 1) Actual scan times of TRON and respiratory triggered DWI were manually recorded for each subject. All axial images were coronally reformatted, with a slice thickness/gap of 5/0 mm. Coronal reformats provided a good means to assess slice misregistration (stair-step artifact), blur, and anomalous signal loss (stripe artifact).
Image Analysis
All axial and coronally reformatted TRON, respiratory triggered, and free breathing diffusion-weighted images (at b-values of 50 and 500 s/mm 2 ) were independently reviewed by two board-certified radiologists (H.K.H. and P.S.L., with more than 10 and more than 5 years of clinical experience with MR imaging, respectively). Observers were blinded to the type of image under evaluation. Sharpness of vessels on both axial and coronally reformatted images was assessed using a five-point grading scale (1 ¼ severe blurring, vessels not visible; 2 ¼ considerable blurring of vessels; 3 ¼ moderate blurring of vessels; 4 ¼ minimal blurring of vessels; 5 ¼ sharp vessels). On coronally reformatted images, so-called stair-step artifacts (i.e., stair-step-like deformation of organ contours, such as those of the liver and gallbladder) can be observed due to a mismatch between two sequential image acquisitions. Therefore, degree of stair-step artifacts was assessed using a five-point grading scale (1 ¼ severe stair-step artifacts, 2 ¼ considerable stair-step artifacts; 3¼ moderate stair-step artifacts; 4 ¼ minimal stair-step artifacts; 5 ¼ no stair-step artifacts). Furthermore, so-called stripe artifacts can be observed in DWI of the liver. The exact cause of stripe artifacts has not been clarified yet, but they appear as horizontal stripes of variable signal intensity across axial slices viewed on coronally reformatted images. Therefore, degree of stripe artifacts was also assessed using a five-point grading scale (1 ¼ severe stripe artifacts, 2 ¼ considerable stripe artifacts; 3 ¼ moderate Figure 3 . Representative example of a part of a navigator profile in TRON using the maximum displacement limit of 10 mm. The navigator echo profile shows the diaphragm motion, indicated by the white wave. Red dots represent tracking of the diaphragmatic position using navigator echoes. In this part of the navigator profile, 75 navigator echoes were acquired. T1 saturation causes dark bands in the navigator profile. Although visually the border between lung and tissue is apparent, the dark band causes a miscalculation of the diaphragm position. Therefore, by limiting maximum displacement to 10 mm, the acquisition for these four erroneous navigator points is skipped (encircled). 
Statistical Analysis
Mean actual scan times 6 SDs of TRON and respiratory triggered DWI relative to free breathing DWI (in %) were calculated. Sharpness of vessels on axial and coronally reformatted images, degree of stair-step artifacts on coronally reformatted images, and degree of stripe artifacts on coronally reformatted images among TRON, respiratory triggered, and free breathing DWI (at b-values of 50 and 500 s/mm 2 ) were compared using Wilcoxon's signed rank tests. Differences were considered significant when P values were less than 0.05. Statistical analyses were executed using Statistical Package for the Social Sciences version 15.0 software (SPSS, Chicago, IL).
RESULTS
Mean actual scan times 6 SDs of TRON and respiratory triggered DWI were 2 min 22 s 6 10.2 s (range, 2 min 8 s to 2 min 42 s) and 4 min 20 s 6 43 s (range, 3 min 32 s to 6 min 10 s). Mean scan time ratio 6
SDs of TRON and respiratory triggered DWI relative to free breathing DWI were 1.34 6 0.10 and 2.45 6 0.40, respectively. Note, the actual scan time for free breathing DWI was the nominal scan time (1 min and 45-48 s), although it varied slightly with FOV.
Mean scores regarding sharpness of vessels are displayed in Table 2 . In four of eight comparisons (two observers, two b-values, and two slice orientations), image sharpness in respiratory triggered DWI was significantly better (P < 0.05) than in TRON DWI. In four of eight comparisons, image sharpness in TRON DWI was significantly better (P < 0.05) than in free breathing DWI. Image sharpness in respiratory triggered DWI was always significantly better (P < 0.05) than in free breathing DWI.
Mean scores regarding degree of stair-step artifacts are displayed in Table 3 . In two of four comparisons (two observers and two b-values), degree of stair-step artifacts in TRON DWI was significantly less (P < 0.05) than in respiratory triggered DWI (Table 4) . There were no significant differences in degree of stair-step artifacts between TRON and free breathing DWI (Table 4 ). In one of four comparisons, degree of stair-step artifacts in free breathing DWI was significantly less (P < 0.05) than in respiratory triggered DWI. Mean scores regarding degree of stripe artifacts are displayed in Table 4 . There were no significant differences in degree of stripe artifacts between TRON and respiratory triggered DWI, and between TRON and free breathing DWI. In one of four comparisons (two observers and two b-values), degree of stripe artifacts in respiratory triggered DWI was significantly less (P < 0.05) than in free breathing DWI. Figure 3 shows a representative example of a part of the navigator profile in TRON using the maximum displacement threshold set to 10 mm, and Figure 4 shows a representative example of TRON DWI, compared with respiratory triggered and free breathing DWI.
DISCUSSION
DWI is an emerging technique for the detection of liver lesions due to its high lesion-to-background contrast (1, (6) (7) (8) (9) (10) . Compared with breathhold DWI, respiratory triggered (either using a conventional navigator echo technique or respiratory triggering) and free breathing DWI have the advantage of increasing SNR by On both axial and coronally reformatted images, sharpness of vessels is better in TRON DWI (a,d,g,j) and respiratory triggered DWI (b,e,h,k), compared with free breathing DWI (c,f,i,l). Note stair-step artifacts in coronally reformatted respiratory triggered DWI, for example in the gallbladder (encircled), which are due to inappropriate timing of the trigger events. Also note stripe artifacts of the liver on all coronally reformatted images of both TRON, respiratory triggered, and free breathing DWI, which appear to be more severe at a b-value of 500 s/mm 2 (j-l) than at a b-value of 50 s/mm 2 (d-f). Also note EPI fat shift artifacts from insufficiently suppressed fat (arrowheads). acquiring multiple signal averages, which allows acquisition of thinner slices. This, in turn, may increase lesion detectability of DWI (1). However, respiratory triggered DWI suffers from a two-to three-fold increased scan time (compared with free breathing DWI) (1, 2) . Furthermore, respiratory triggering potentially suffers from unexpected severe scan time prolongation if respiration becomes irregular or elongated by apnea due to the patient's deep sleep. Thus, patient throughput in respiratory triggered DWI is relatively low. On the other hand, free breathing DWI while being very time-efficient, suffers from image blurring thereby decreasing lesion conspicuity and lesion delineation.
The recently introduced TRON technique allows for continuous real-time slice tracking and position correction, without using any gating window, thereby overcoming the disadvantages of both respiratory triggered and free breathing DWI (2) (3) (4) . By exploiting the higher SNR at 3.0T, lesion-to-background contrast and liver lesion detectability at DWI may be increased compared with DWI at 1.5T (5, 11) . However, it was still unknown whether DWI at 3.0T could be combined with TRON. The results of the present study showed that it is feasible to combine DWI at 3.0T with TRON. Despite the addition of the maximum displacement threshold to this sequence, scan time was only modestly prolonged relative to free breathing DWI (34% on average), which was considerably less compared with relative scan time prolongation in respiratory triggered DWI (145% on average). Furthermore, image sharpness in TRON DWI was significantly better (P < 0.05) than in free breathing DWI in four of eight comparisons (two observers, two bvalues, and two slice orientations). However, image sharpness in respiratory triggered DWI was significantly better (P < 0.05) than in TRON DWI in four of eight comparisons. This is probably due to the fact that maximum displacement was set to 10 mm, and tracking errors of less than 10 mm may have reduced image sharpness. However, reducing the maximum displacement would prolong scan time, because more data would be discarded. On the other hand, degree of stair-step artifacts in TRON DWI was significantly less (P < 0.05) than in respiratory triggered DWI in two of four comparisons. Stair-step artifacts in respiratory triggered DWI are caused by inappropriate timing of trigger events (Fig. 4) . Stair-step artifacts may reduce reliability of volume or apparent diffusion coefficient (ADC) measurements in DWI for the assessment of response to therapy. In this respect, TRON may be a good alternative to respiratory triggered DWI. On coronally reformatted images stripe artifacts were observed in both TRON, respiratory triggered, and free breathing DWI, without any significant differences among the three DWI sequences (except in one of four comparisons between respiratory triggered and free breathing DWI). However, degree of stripe artifacts appeared to be more severe at a b-value of 500 s/mm 2 than at a b-value of 50 s/ mm 2 (Fig. 4) . A possible explanation of the stripe artifact may be the so-called hepatic pseudo-anisotropy artifact (12) . The hepatic pseudo-anisotropy artifact refers to localized signal loss in the liver parenchyma at DWI, depending on the MPG direction. This artifact is probably caused by intravoxel deformation and/or acceleration of the liver during the period in which the MPGs are applied (12) . It was speculated that this phenomenon mainly occurs at the end of expiration (12) , although this has not yet been confirmed. When using interleaved slice ordering, either the even or odd slices may be affected by the hepatic pseudo-anisotropy artifact and consequent signal loss, which results in the characteristic stripe artifacts seen on coronally reformatted images. Furthermore, this phenomenon may become more pronounced when using heavier diffusion-weighting, which explains the difference in degree of stripe artifacts between the images obtained with a b-value of 50 s/mm 2 and those obtained with a b-value of 500 s/mm 2 . Because stripe artifacts may interfere with lesion detectability and ADC measurements, further investigation is necessary to solve this issue.
A limitation of the present study is that only healthy volunteers were included and TRON has not proven yet to be able to detect more lesions than respiratory gated or free breathing DWI. In addition, it is still unknown whether ADC measurements of liver lesions in TRON DWI are accurate, although we have no a priori reason to assume that they would be less reliable than in respiratory gated or free breathing DWI. Therefore, future patient studies are necessary. Another issue is that short inversion time inversion recovery (STIR) fat suppression may be preferred for DWI of the liver at 3.0T, instead of SPIR fat suppression (Fig. 4) , because the former gives superior global fat suppression over an extended field of view and is insensitive to magnetic field inhomogeneities (13) . STIR, however, is not appropriate for use in combination with the navigator echo in TRON.
In conclusion, DWI of the liver at 3.0T using TRON is feasible. Image sharpness in TRON DWI is superior to that in free breathing DWI. Although image sharpness of respiratory triggered DWI is still better, TRON DWI requires less scan time and reduces stair-step artifacts compared with respiratory triggered DWI.
